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Abstract Based on a series of topographical and thermal sen-
sitivity experiments, the physical processes on the changes of
Asian summer monsoon caused by the Himalaya elevated
heating were investigated. Six different Himalaya–Iranian
Plateau mountain heights were used: 0, 20, 40, 60, 80, and
100 % in the first group (called HIM). The no sensible heating
experiments (called HIM_NS) were also performed with the
same six mountain heights, but the surface sensible heating
was not allowed to heat the atmosphere. The results indicate
that the elevated heating effect of the Himalaya gradually in-
tensified when the Himalaya uplifts. The establishment of
SASM over the South Asian land which is characterized by
the strong precipitation over south slope of the Tibetan Plateau
and the huge warm anticyclone in the upper troposphere are in
proportion to the elevated heating effect of the Himalaya.
Further analysis suggests that the surface heat fluxes over
the Himalaya keep almost unchanged during the uplifting,
but the lifted condensation level reduces gradually over the
regions where the mountain uplifts. The condensation
moisturing increases correspondingly and leads to the increase
of latent heating in the upper troposphere. Therefore, the pos-
itive feedback between the moist convection over the south
slope of the Himalaya and monsoon circulation over Indian
subcontinent forms and the successive precipitation over the
South Asian land is maintained.
1 Introduction
The highlands in the world are important topographical forc-
ings to the global climate change. The Tibetan Plateau (TP)
located in the Asian continent is the largest mountain where
on its south edge there lies the Himalaya, the highest peak in
the world. Previous studies documented that the existence of
Tibetan Plateau (TP) has close relationships with the forma-
tion and variation of the Asian summer monsoon (Manabe
and Terpstra 1974; Wu and Zhang 1998; Duan and Wu
2005; Zhang et al. 2006; Kitoh et al. 2010; Liu et al. 2012).
Hahn and Manabe (1975) tested mountain to no-mountain
experiments in a general circulation model (GCM) and found
the South Asian summer monsoon (SASM) cannot extend
north to the Asian inland if the topography of TP is removed
in the model. More complex experiments such as testing dif-
ferent topographic heights of the TP in the GCMs have been
performed in later studies (Chen et al. 1999; Liu 1999; Kitoh
2004; Jiang et al. 2008), their results show an identical con-
clusion that the with the uplift of the TP height from 0 to the
contemporary era height, the South Asian summer monsoon
precipitation extends gradually from the Indian Ocean to the
Asian inland with the peak monsoon precipitation occurring
on the south slope of the Himalaya which is similar to the
evolution of the observed Asian summer monsoon
precipitation. Moreover, Liu and Yin (2002) indicated that
the evolution of East Asian monsoon is more sensitive to the
uplift of the Tibetan Plateau than that of the South Asia mon-
soon. Kitoh (2004) suggested that the increasing of precipita-
tion over Asia reaches a threshold when the TP is uplifted to
60 % of its realistic altitude.
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Recently, more and more studies revealed that the response
of Asian summer monsoon is quite sensitive to thermodynamic
forcing in different subregions of TP. Boos and Kuang (2010)
showed the spatial pattern and strength of the SASM are almost
unaffected when the plateau part of TP is removed but the
Himalaya is preserved. Similar results had been achieved by
Tang et al. (2013) with regional model. They suggested that the
Indian summer monsoon is primarily intensified by the forcing
of southern TP while the East Asian summer monsoon is main-
ly enhanced by the forcing of the central TP. Zhang et al. (2012)
who used CAM4 to test the different subregional uplifts within
the Himalaya–Tibetan Plateau on Asian summer monsoon
evolution and found that the increasing precipitation over
South Asia is more sensitive to Himalaya uplift. In a word, a
number of recent numerical experiments show that the exis-
tence of the Himalaya is more important than the whole TP
in controlling evolutions of SASM.
However, the associated physical process that the
Himalaya modulating the Asian summer monsoon is still not
clear. Boos and Kuang (2010, 2013) emphasized the blocking
effect of the Himalaya produce strong SASM by insulating
warm, moist air over continental India from the cold and dry
extratropics while its thermal forcing is not important.
Nevertheless, Wu et al. (2012a) indicated that the experiment
in Boos and Kuang (2010) still contains the heating effect of
the Himalaya mainly on its south slope which could act as a
strong heating source to produce monsoon precipitation and
circulation. Analogously, in the series studies of the topogra-
phy uplift experiments (Chen et al. 1999; Liu 1999; Kitoh
2004; Jiang et al. 2008), the extension of Asian summer mon-
soon is the results of the combined effects of thermal and
mechanical forcing by the uplifted TP, and the physical pro-
cesses related to the Asian summer monsoon evolution are not
clearly demonstrated. It is necessary to take additional thermal
experiments on the uplifted Himalaya to further address the
role of the Himalaya in producing strong Asian summer mon-
soon and the associated physical processes.
Therefore, this article attempts to clarify several specific
scientific questions in studying the role of the Himalaya in
Asian monsoon dynamics: whether is the elevated heating
effect of the Himalaya important than the non-elevated
heating in producing strong Asian summer monsoon over
Asian continent? If elevated heating is crucial, what is the
decisive factor of the heating effect, the increased elevation,
or its thermal properties? And what is the associated physical
process? To address these issues, we here carry out a series
orographical and thermal experiments based on progressive
idealized Himalaya–Iranian Plateau uplift and investigate the
differences between heating and no heating experiments. The
remainder parts of the paper are arranged as follows: Section 2
introduces the model we used and the experimental design.
Section 3 presents the simulation results: the responses in
monsoon precipitation and circulation to elevated heating of
the Himalaya. Section 4 analyzes the changes in diabatic
heating and moist process to reveal the processes of the
Himalaya elevated heating effect in modulating monsoon ac-
tivities. Section 5 shows the final conclusions and discussions.
2 Model, datasets, and experimental design
2.1 Model and datasets
The general circulation model used here is the version-2
Spectral Atmosphere Model developed at IAP-LASG,
SAMIL2 (Bao et al. 2013). The atmospheric model
SAMIL2, has the horizontal resolution R42 (2.81° longi-
tude × 1.66° latitude) with 26 vertical layers in a σ–p hybrid
coordinate, extending from the surface to 2.19 hPa. The mass
flux cumulus parameterization of Tiedtke (1989) is used to
calculate convective precipitation. The cloud scheme is a di-
agnostic method parameterized by low-layer static stability
and relative humidity (Slingo 1980). A nonlocal scheme is
employed to calculate the eddy-diffusivity profile and turbu-
lent velocity scale, and the model incorporates nonlocal trans-
port effects for heat and moisture (Holtslag and Boville 1993).
The radiation scheme employed is an updated Edwards–
Slingo scheme (Edwards and Slingo 1996; Sun and Rikus
1999). SAMIL2 is a spectral model which has been frequently
used to study Asian monsoon dynamics (Duan et al. 2008;Wu
et al. 2012b, He et al. 2013; Hu et al. 2015) and climate
changes in various aspects (Ren et al. 2009; Wu and Zhou
2013; Zhang and Zhou 2014; Song and Zhou 2013).
The reanalysis dataset used in this study is from the
ECMWF ERA-40 (Uppala et al. 2005) monthly mean data
from 1979 to 1998 at http://apps.ecmwf.int/datasets/, and the
precipitation dataset used is Global Precipitation Climatology
Project (GPCP) (Adler et al. 2003) monthly mean data from
the same period at http://www.esrl.noaa.gov/psd/data/gridded/
data.gpcp.html.
2.2 Experimental design
There are two groups (HIM and HIM_NS) of experiments that
have been carried out, and each group contains six experi-
ments as shown in Table 1 with a forward slash separated. In
the first group (referred to HIM00–HIM100), we firstly set the
topography in HIM100 the same as Boos and Kuang (2010)
that the topography between 75° E and 100° E was specified
by setting surface elevations at each longitude to zero north of
the point at which elevations reached two thirds of their max-
imum at that particular longitude (Fig. 1f). A no-mountain run
(HIM00) is carried out on the basis of topography in HIM100
but the topography over the Himalaya–Iranian Plateau was set
to 500 m (Fig. 1a). The topography settings in the rest of the
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four experiments follow their expressions in Table. 1, and the
topographies are shown in Fig. 1b–e.
The other group (referred to HIM00_NS–HIM100_NS)
also contains six experiments in which the topography is the
same as the first group (Table. 1), but the surface is not
allowed to heat the atmosphere over 20–40° N, 60–110° E
where the elevation is above 500 m in each experiment, i.e.,
the vertical diffusive heating term in the atmospheric thermo-
dynamic equation was set to 0 in the regions of the Himalaya.
All of the experiments are integrated with prescribed,
seasonally varying climatological (1990–1999) sea surface
temperature (SST) and sea ice. The experiments are integrated
for 7 model years, in which the first 2 years are spin up time
and the mean of the last 5 years are used for analysis. The
differences between HIM and HIM_NS group experiments in
the condition of progressive Himalaya uplift indicate the sen-
sitivity of SASM to the topographical elevated heating.
3 Results
3.1 Model and experimental design validations
Before analyzing the sensitivity experiments, the model skills
on capturing the climatological Asian summer monsoon and
the sensible heating fluxes are necessary to be evaluated first.
We analyzed the results from the standard AtmosphericModel
Intercomparison Project (AMIP) run (Gates 1992) of
SAMIL2 which was carried out with the realistic topography
and observed SSTand sea ice during 1979–1998 in Fig. 2 and
compared with ERA40 reanalysis. Figure 2a, c, e shows the
basic performances of SAMIL2 on capturing the major Asian
summer climate system in the lower and upper troposphere.
Although the model overestimates the precipitation
magnitude in the South Asian Ocean, it captures the main
features of the Asian summer monsoon pattern (Fig. 2a),
performing reasonably in simulating the maximum centers
over the East Arabia Sea, Bay of Bengal (BOB), and south
slope of TP. It also captures the extension of East Asian
summer monsoon rainbelt to North China compared to
GPCP (Fig. 2b). From the low-level monsoon winds, the
Table 1 Experimental design
Experiments Topography altitude Sensible heating
HIM00/HIM00_NS T0 Yes/no
HIM20/HIM20_NS T0 + 0.2 × (T100 − T0) Yes/no
HIM40/HIM40_NS T0 + 0.4 × (T100 − T0) Yes/no
HIM60/HIM60_NS T0 + 0.6 × (T100 − T0) Yes/no
HIM80/HIM80_NS T0 + 0.8 × (T100 − T0) Yes/no
HIM100/HIM100_NS T100 Yes/no
The topography in HIM100/HIM100_NS was derived the same as that in
Boos and Kuang (2010) that the topography between 75° E and 100° E
was specified by setting surface elevations at each longitude to zero north
of the point at which elevations reached two thirds of their maximum at
that particular longitude. This topography altitude was referred to T100
(Fig. 1f). Additionally, based on this setting, the topography where above
500 m over the regions of the Himalaya and Iranian Plateau was set to
500 m in HIM00/HIM00_NS which was referred to T0 (Fig .1a). The
topography setting in other experiments follows the formula shown in the
table. The no sensible heating setting indicates that the surface is not
allowed to heat the atmosphere over 20–40° N, 60–110° E where the
elevation is above 500 m in each experiment, i.e., the vertical diffusive
heating term in the atmospheric thermodynamic equation was set to 0
Fig. 1 Topography (m) used in
the experiments of groups HIM
and HIM_NS: a HIM00 and
HIM00_NS, b HIM20 and
HIM20_NS, c HIM40 and
HIM40_NS, d HIM60 and
HIM60_NS, e HIM80 HIM80_
NS, f HIM100 and HIM100_NS.
The actual model grid points are
depicted as the blue cross points
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Somali jet and the monsoon trough over BOB are well
depicted compared to the ERA40 (Fig. 2b). In the upper tro-
posphere, there exists a huge anticyclone called the South
Asian High (SAH) over the Asian continent in boreal summer,
characterized as the 200 hPa geopotential high center over
south slope of TP (Fig. 2d) and associated with an upper
troposphere temperature maximum (UTTM) in 200–
400 hPa. The SAMIL2 captures the locations of the SAH
and warm center quite well, except underestimates the inten-
sity of the SAH and UTTM which is a common bias in the
state-of-the-art GCMs (He and Hu 2015). At last, the simulat-
ed June–July–August (JJA) surface sensible heating fluxes are
shown in Fig. 2e. The spatial pattern of simulated sensible
heating is quite similar as the ERA40 (Fig. 2f), except a little
overestimation on the northwest part of TP.
On the other hand, the scope of this study is to investigate
the elevated heating effect of the Himalaya by isolating the
Himalaya from the full topography. Therefore, whether the
experimental design effectively distinguishes the heating ef-
fect on progressive uplift mountain is the key foundation. We
show the model grids as the blue cross lines in Fig. 1. It can be
found that there are about three to four model grids in the
region where the Himalaya uplifts. From this perspective,
the experimental design in this study can discern the sensible
heating effect on different altitude on the slope of the
Himalaya. However, because there are few grid points on
the south slope of TP, these grid points can hardly stand for
the drastic altitude changes of the topography which could
contribute to the positive precipitation bias over the south
slope of TP (Fig. 2a) in the model compared to the OBS
(Fig. 2b).
3.2 Changes in precipitation and 850 hPa wind
Before analyzing the elevated heating effect of the Himalaya
on Asian summer monsoon, we first show the monsoon re-
sponses in Himalaya uplift experiments (HIM00 to HIM100)
and compare with the no sensible heating runs (HIM00_NS to
HIM100_NS). Figure 3 shows the responses of JJA precipi-
tation and 850 hPa wind during to the uplift of the Himalaya in
the six sensitivity experiments (left column in Fig. 3) and the
responses without Himalaya heating effect (right column in
Fig. 3). The conspicuous features of the monsoon response are
that the precipitation and 850 hPa wind are almost unchanged
over Arabian Sea and Bay of Bengal (BOB), but the precipi-
tation increases gradually over the Asian mainland when the
Himalaya uplifts (Fig 3a, c, e, g, i, k). These responses are
consistent with the previous studies (Kasahara et al. 1973;
Liang et al. 2006; Xu et al. 2010; Wu et al. 2012b) that the
basic spatial pattern of the SASM is dominantly controlled by
the large-scale land–sea thermal contrast, while the strength
and extension of SASM is modulated by the uplift of the
highlands over the Asian continent (Abe et al. 2003; Kitoh
2004). Furthermore, the extension of the SASM in Fig. 3k has
been confined to the south slope of the Himalaya, and the East
Asian summer monsoon (EASM) is a little decreased from
HIM00 (Fig. 3a) to HIM100 (Fig. 3k). These results are con-
sistent with the studies of Tang et al. (2013) and Zhang et al.
(2012) that the existence of the Himalaya is crucial in produc-
ing strong SASM.
On the other hand, we also compare the monsoon re-
sponses within the no sensible heating runs, i.e., HIM00_NS
to HIM100_NS (Fig. 2b, d, f, h, j, l). The results show that the
Fig. 2 Basic performances of
SAMIL2 (a standard AMIP run)
in simulating a June–July–August
(JJA) mean precipitation
(mm day−1) and 850 hPa wind
(m s−1), c 200 hPa geopotential
height (shaded, gpm) and 200–
400 hPa mass-weighted mean air
temperature (black contour for
244 K and 245 K), and e JJA
surface sensible heating fluxes
(W m−2). b Observed 1979–1998
JJA mean precipitation
(mm day−1) from GPCP and
850 hPa wind (m s−1) from
ERA40. d ERA40 1979–1998
JJA mean 200 hPa geopotential
height (shaded, gpm) and 200–
400 hPa mass-weighted mean air
temperature (black contour for
244 K and 245 K). f ERA40
1979–1998 JJA mean surface
sensible heating fluxes (W m−2).
The purple contour indicates the
topography of 1000 and 3000 m
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SASM cannot extend to the Asian inland and no significant
increases in the 850 hPa wind field. These results are
consistent with the theory proposed in Wu et al. (2007) that,
if the south slope of the Himalaya is not heated, the air particle
must move along the isentropic surface and cannot climb up
on the huge mountain. Therefore, the no sensible heating ex-
periments suggest that the blocking effect of the Himalaya is
not the driven force of the strong SASM on the Asian inland.
To specifically investigate the influence of Himalaya ele-
vated heating on SASM, we examine the differences between
the HIM group (HIM00 to HIM100) and the HIM_NS group
(HIM00_NS to HIM100_NS) under each the same topogra-
phy setting. The differences of precipitation and 850 hPa wind
between HIM00 (HIM20, HIM40, HIM60, HIM80, HIM100)
and HIM00_NS (HIM20_NS, HIM40_NS, HIM60_NS,
HIM80_NS, HIM100_NS) are shown in Fig. 4a–f,
Fig. 3 June–July–August (JJA)
mean precipitation (mm day−1)
and 850 hPa wind (m s−1)
simulated in aHIM00, bHIM00_
NS, c HIM20, d HIM20_NS, e
HIM40, f HIM40_NS, g HIM60,
h HIM60_NS, i HIM80, j
HIM80_NS, k HIM100, and l
HIM100_NS. The purple contour
indicates the topography of 500,
1000, and 3000 m
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respectively, whichmeans the sensitivity of SASM to different
heating altitude induced by the uplifted mountain. It is obvi-
ous that the precipitation over Asian land increases gradually
and especially strengthened over the south slope of the
Himalaya (Fig. 4a–f) when the Himalaya is uplifted from
500 m to almost 4000 m. Meanwhile the precipitation at tro-
pics also decreases in the six experiments. The changes in
precipitation spatial pattern are accompanied with the changes
in 850 hPa wind. The 850 hPa cyclonic circulation anomalies
also intensified gradually around the Himalaya from the uplift
of 0 to 100 % (Fig. 4a–f) which favor the gradually intensified
precipitation over the south slope of the Himalaya. Although
the model overestimates the precipitation on the south slope of
TP (Fig .2) which implies that the precipitation difference
between HIM and HIM_NS partly involved model biases,
the above results qualitatively suggest that the intensified
heating effect of the Himalaya due to the uplift of mountain
contributes to the strong monsoon precipitation in the South
Asian inland.
3.3 Changes in the South Asian High and its thermal
structure
The dominant climate system exists in upper troposphere dur-
ing boreal summer is a steady semi permanent pressure system
called the South Asian High (SAH) which locates above the
Asian continent in the subtropics. The SAH is a huge warm
anticyclone and its activities are closely linked to the variation
of Asian summer monsoon (Tao and Zhu 1964; Ye and Gao
1979; Zhang et al. 2002). The responses of the SAH and its
thermal structure to the elevated heating effect of the
Himalaya are shown in Fig. 5. The changes in 200 hPa
geopotential height (HGT) between HIM00 and HIM00_NS
(Fig. 5a) shows a weak anticyclone anomaly over Asian land
in correspondence to the sensible heating change in the region
of the Himalaya and coincides with a positive air temperature
anomaly center in the upper troposphere. When the Himalaya
uplifts from 20 to 100 % (Fig. 5b–f), the HGT anomalies are
gradually strengthened and expand to the west of the
Himalaya, dynamically consistent with the changes in upper
troposphere air temperature anomaly. The HGT anomaly
shows an increase of 60 gpm when the Himalaya uplifts to
the 100 % (Fig. 5f) and its main body has extended to the
Iranian Plateau and Arabian Peninsula, which is almost com-
patible to the observed spatial scale of the SAH. These chang-
es in SAH and its thermal structure are all induced by the
sensible heating effect when the Himalaya uplifts. It is worth
to note that the location and intensity of the SAH and its
thermal structure in Fig. 5 is determined by the vertical gradi-
ent of heating in the free troposphere (Wu et al. 2015) which is
closely related with the increase of Asian monsoon precipita-
tion shown in Fig. 4.
Therefore, the changes in Asian summer monsoon in the
two groups of Himalaya uplift experiments indicate that the
elevated heating effect of the Himalaya is intensified when
mountain is uplifted. It also suggests the heating effect of the
Himalaya rather than its blocking effect in producing mon-
soon precipitation over south slope of TP, which is consistent
with the conclusions in Wu et al. (2012a). Moreover, why the
elevated heating effect is intensified by the uplift of the
Himalaya is still not clear and needs to be further addressed.
Therefore, we analyze the changes in diabatic heating and
moist process in the following section to discuss the related
physical processes.
4 The processes of elevated heating
4.1 The analysis in atmospheric diabatic heating
The diabatic heating act as an important forcing on the atmo-
sphere circulations (Matsuno 1966; Webster 1972; Gill 1980).
It can be sorted to four kinds: the vertical diffusion heating, the
latent heating, the shortwave heating, and the longwave
cooling. In general, the orders of latent heating and vertical
diffusion heating are more larger than the other two radiative
heatings. The vertical diffusion heating is quite shallow near
the surface while the latent heating could be much stronger in
the free troposphere. For convenience, we combined the short-
wave heating and the longwave cooling into one radiative
heating (RADH) for more straightforward physical meaning
and calculated the total diabatic heating Q by adding the col-
umn integrated vertical diffusion heating (QVH), latent heating
(QLH), and radiative heating (QRADH) together from the model
output as shown in Eq. (1), in which Ps denotes the surface
pressure, Ptop denotes the pressure at the top of the model, cp
denotes the specific heat of air at constant pressure, and g





QLH þ QVH þ QRADHð Þ dp ð1Þ
Figure 6 shows the difference of total diabatic heating Q
between the group of HIM and HIM_NS. The responses of Q
show significantly positive anomaly on the Asian mainland
with the maximum center on the south slope of the Himalaya
while the negative anomaly of Q appears on the tropical
Indian Ocean in all of the experiments (Fig. 6a–f). The posi-
tive anomaly of Q increases gradually on the south slope of
the Himalaya while the Himalaya uplifts from 0 to 100%. The
negative anomaly of Q which is located over the tropics be-
comes stronger when the Himalaya uplifts from 40 to 100 %;
the negative centers are mainly located over the Arabian Sea
and Bay of Bengal where the strong convection occurs
in the SASM region. This result suggested that the
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Himalaya heating effect does not only affect the local
precipitation but also has some influence on the tropical
convections by triggering atmospheric circulation anom-
aly. The negative anomaly is also intensified according
to the increased positive anomaly over the Himalaya
when the mountain uplifts. Additionally, the spatial pat-
terns of Q anomaly are very similar with the patterns of
precipitation (Fig. 4) which implies that the changes in
diabatic heating is dominant by changes in the latent
heating.
We further investigate the sensitivity of each kind of
diabatic heating over the region of 75°–100° E, 24°–32° N
(Fig. 7). It is obvious that the latent heating major contributes
to the total diabatic heating with a magnitude of 100–
Fig. 4 Changes in JJA mean
precipitation (mm day−1) and
850 hPa wind (m s−1) between
groups HIM and HIM_NS in
different mountain heights: a 0 %,
b 20 %, c 40 %, d 60 %, e 80 %, f
100 %. The red dotted areas
denote regions where the changes
are statistically significant at the
95 % confidence level according
to the Student’s t test. The purple
contour indicates the topography
of 500, 1000, and 3000 m
Fig. 5 Changes in JJA mean
200 hPa geopotential height
(gpm, shaded), 200 hPa wind
(m s−1, vector) and 200–400 hPa
mass-weighted mean air
temperature (K, blue contour)
between groups HIM and HIM_
NS in different mountain heights:
a 0 %, b 20 %, c 40 %, d 60 %, e
80 %, f 100 %. The black dotted
areas denote regions where the
changes of geopotential height are
statistically significant at the 95%
confidence level according to the
Student’s t test. The purple
contour indicates the topography
of 500, 1000, and 3000 m
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300 W m−2 while the vertical heat diffusion shows an order
smaller, and the contributions of radiative heating can be
neglected. Furthermore, the increases of latent heating are
approximately linear when the Himalaya uplifts from 0 to
80 %, but the vertical diffusion heating is almost not changed.
These results demonstrate an important fact that the strength
of vertical heating diffusion does not change when the
Himalaya uplifts, but it could induce stronger latent heating
release in proportion to the mountain uplift scale. It implies
that the condensation process on the south slope of the
Himalaya is a crucial link between the elevated heating effect
of the Himalaya and the changes in the SASM. Therefore, the
study on the changes in moist process in the two groups of
experiments is beneficial for us to understand the thermody-
namics of the elevated heating and its influence to the SASM.
4.2 The analysis in moist process
For the climate mean state we discussed here, the changes in
the column water vapor, the surface evaporation, and the pre-
cipitation are the most three important terms in the hydrolog-
ical cycle. The responses of the precipitation due to the ele-
vated heating effect of the Himalaya are already shown in
Fig. 4. Thus, we show the responses of atmospheric water
vapor and surface evaporation in the following paragraph to
have a complete image on the moist process over the South
Asia when Himalaya uplifts.
Figure 8 shows the responses of water vapor path to the
elevated heating effect of the Himalaya in each uplift level
(HIM group minus HIM_NS group). It is evident that the
positive water vapor path anomaly covers the region of the
Himalaya and north Indian flatland in all of the cases.
Quantitative calculations of the water vapor path over the
region 75°–100° E, 24°–32° N show 6.6 kg m−2 (Fig. 8a),
5.0 kg m−2 (Fig. 8b), 4.9 kg m−2 (Fig. 8c), 4.3 kg m−2
(Fig. 8d), 6.1 kg m−2 (Fig. 8e), and 4.6 kg m−2 (Fig. 8f) in
respective to the Himalaya uplifted by 0, 20, 40, 60, 80, and
100 %. However, the spatial pattern of the increased water
vapor path shows remarkable differences between the south
slope of the Himalaya and north Indian flatland in each uplift
case. When the Himalaya is not uplifted (Fig. 8a), the major
Fig. 6 Changes in JJAmean total
diabatic heating (Wm−2) between
groups HIM and HIM_NS in
different mountain heights: a 0 %,
b 20 %, c 40 %, d 60 %, e 80 %, f
100 %. The blue dotted areas
denote regions where the changes
are statistically significant at the
95 % confidence level according
to the Student’s t test. The purple
contour indicates the topography
of 500, 1000, and 3000 m
Fig. 7 Regional mean (24–32° N, 75–100° E) JJA column total latent
heating (LH) (W m−2), vertical diffusing heating (VH) (W m−2), and
radiation heating (RADH) (W m−2) for different mountain heights in
group HIM
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part of the increased water vapor path locates over Himalaya
where the sensible heating is suppressed. However, when the
Himalaya uplifts from 20 to 100 % (Fig. 8b–f) the responses
of water vapor path due to elevated heating increase over the
north Indian flatland while reduce over the south slope of the
Himalaya.
The responses of the surface evaporation due to the
elevated heating of the Himalaya are shown in Fig. 9.
The spatial pattern of the evaporation shows an overall
increase over the south slope of the Himalaya with the
same region of the sensible heating change. There are
almost no obvious differences within the evaporation
changes (Fig. 9a–f) when the Himalaya is uplifted.
Quantitative calculations of the changes in evaporation
over the region 75°–100° E, 24°–32° N show 1.5, 1.6,
1.6, 1.7, 1.9, and 1.7 mm day−1 in respective to the
Himalaya uplifted by 0, 20, 40, 60, 80, and 100 %.
However, the maximum of the evaporation is about
2 mm day−1 in all the cases and is comparable to the
magnitude of precipitation changes in the uplift of 0 %
(Fig. 4a) and 20 % (Fig. 4b) but far less than the pre-
cipitation when the Himalaya uplifts to 100 % (Fig. 4f).
This result indicates that local feedback between evapo-
ration and precipitation in a flat case is not enough to
produce strong SASM. It also reveals that the positive
feedback between the precipitation and low troposphere
water vapor convergence on the south slope of the
Himalaya is the primary cause of the strong SASM.
The responses of the atmospheric water vapor (Fig. 8),
surface evaporation (Fig. 9), and precipitation (Fig. 4)
over the South Asian land suggest that the moist con-
densations are gradually intensified but the vertical dif-
fusion heating is almost not changed (Fig. 7) in the
uplift cases from HIM00 to HIM100. Thus, The con-
densation process appears to be the key findings that
cause the strong heating effect over the south slope of
the Himalaya.
From the perspective of the moist convective adjust-
ment, the air parcel is firstly lifted up by external forc-
ing from the ground to the lifted condensation level
(LCL) and follows the moist adiabats thereafter. The
external forcing here usually denotes the sensible
heating at surface. For the air particles over the south
slope of the Himalaya, they are easily to be lifted to the
LCL because of the sensible heating on the south slope
of the Himalaya directly heating the air in the lower
troposphere. This process is investigated by the follow-
ing figures. We calculated the LCL in the six experi-
ments of group HIM in Fig. 10 separately. The LCL in
the HIM00 case (Fig. 10a) is about 3000 m. Because
the vertical diffusion heat decreases rapidly to 0 from
the ground to approximately 3000 m in the low tropo-
sphere (Wu et al. 2008), the air parcel is hard to be
lifted up by the external forcing such as the local heat
flux in the case of HIM00. However, when the
Himalaya uplifts from 20 to 100 %, the LCL reduced
gradually over the south slope of the Himalaya
(Fig. 10b–f). While the Himalaya has uplifted to
100 %, the LCL is less than 1000 m over the south
slope of the Himalaya, which indicates that the air
Fig. 8 Changes in JJA mean
water vapor path (kg m−2)
between groups HIM and HIM_
NS in different mountain heights:
a 0 %, b 20 %, c 40 %, d 60 %, e
80 %, f 100 %. The blue dotted
areas denote regions where the
changes are statistically
significant at the 95 % confidence
level according to the Student’s t
test. The purple contour indicates
the topography of 500, 1000, and
3000 m
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parcel is much more easer to be lifted to the condensa-
tion level. Consequently, the condensation moisturing
(the mass of the water vapor condensed from gas phase
to liquid phase) between groups HIM and HIM_NS is
well coordinated with the changes in LCL as shown in
Fig. 11. The condensation moisturing is quite weak
when the Himalaya remains flat (Fig. 11a), but increases
gradually over the south slope of the Himalaya when
the mountain is uplifted (Fig. 11b–f). The analysis of
the moist process over the South Asian land indicates
that the sensible heating on the Himalaya surface is
more efficient in lifting the air parcel to the condensa-
tion level than its direct heating effect on producing
SASM. The moist convection is easier to occur and
Fig. 9 Changes in JJA mean
evaporation (mm day−1) between
groups HIM and HIM_NS in
different mountain heights: a 0 %,
b 20 %, c 40 %, d 60 %, e 80 %, f
100 %. The blue dotted areas
denote regions where the changes
are statistically significant at the
95 % confidence level according
to the Student’s t test. The purple
contour indicates the topography
of 500, 1000, and 3000 m
Fig. 10 The simulated JJA mean
lifted condensation level (km) in a
HIM0, b HIM20, c HIM40, d
HIM60, e HIM80, and f HIM100.
The purple contour indicates the
topography of 500, 1000, and
3000 m
B. He
causes the positive feedback between the latent heating
and large-scale convergence when the Himalaya uplifts
to a certain height.
5 Conclusions and discussions
The influences of the elevated heating effect of the Himalaya
on the South Asian summer monsoon are investigated based
on a series of numerical experiments in this study. We isolate
the topography of the Himalaya from the whole Tibetan
Plateau in the experiments and consider its different altitudes
by 0 % (HIM00), 20 % (HIM20), 40 % (HIM40), 60 %
(HIM60), 80 % (HIM80), and 100 % (HIM100) in the first
group (HIM). The other group of experiments (HIM_NS)
have been performed by preventing the surface sensible
heating to heat the atmosphere (HIM00_NS, HIM20_NS,
HIM40_NS, HIM60_NS, HIM80_NS, HIM100_NS) but
with the same elevations as in the first group. The differences
between group HIM and HIM_NS are regarded as the re-
sponses to the elevated heating effect of the Himalaya. The
major conclusions obtained from the sensitivity experiments
are summarized as follows.
The results of HIM group indicate that the SASM precip-
itation gradually intensified over the South Asian land when
the Himalaya uplifts. The simulated precipitation spatial pat-
tern in HIM100 (100 % uplift) is similar to the observed one
over the South Asian region. However, due to the missed
topography of the plateau part of TP, the precipitation over
Central Asia disappeared in the HIM100. Furthermore, the
extension and intensity of the East Asian summer monsoon
have been reduced when the Himalaya uplifts from 0 to
100 %. The evolutions of the SASM from HIM00 to
HIM100 are consistent with the simulation results of Kitoh
(2004) who used a coupled model to test the influences of
different mountain heights on the Asian summer monsoon.
The north branch of SASM is gradually established on the
south slope of the Himalaya.
The differences between HIM and HIM_NS indicate that
the formation of SASM over the South Asian land is quite
sensitive to the elevated heating effect of the Himalaya. The
monsoon precipitation on the south slope of the Himalaya and
lower troposphere cyclonic circulation gradually intensified
when surface sensible heating elevated as the Himalaya up-
lifts. Moreover, the increased latent heating in the free tropo-
sphere act as an important heating source in the formation of
the SASM structure: The upper troposphere air becomes
warmer and the South Asian High is strengthened and extends
west over the Asian continent.
The analysis of the diabatic heating and moist pro-
cess suggested that the surface sensible heating directly
heats the air in the lower troposphere on its south slope,
and the moist air is easier to be lifted up to the LCL
when the Himalaya uplifts. Therefore, the condensation
moisturing increases correspondingly and leads to the
increases of precipitation and latent heating in the free
troposphere. Because the latent heating strengthened
mainly from 300 to 700 hPa, the vertical inhomoge-
neous diabatic heating force an anticyclone in the upper
troposphere and moist convergence in the lower
Fig. 11 Changes in JJA mean
condensation moisturing
(g kg−1 day−1) between groups
HIM and HIM_NS in different
mountain heights: a 0 %, b 20 %,
c 40 %, d 60 %, e 80 %, f 100 %.
The red dotted areas denote
regions where the changes are
statistically significant at the 95%
confidence level according to the
Student’s t test. The purple
contour indicates the topography
of 500, 1000, and 3000 m
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troposphere which forms the positive feedback between
the moist convection and large-scale circulations.
This study highlights the elevated heating effect of the
Himalaya is crucial in triggering moist convections and
modulating Asian summer monsoon over the South Asian
inland. The numerical simulation results also testify the
assumption raised in Ye and Gao (1979) and Wu et al.
(1997) that the sensible heating of TP is so important because
it directly heats the air in the middle and lower troposphere.
However, currently, there are still shortages on the accurate
estimation of the sensible heating fluxes over the Tibetan
Plateau. For example, Ma et al. (2011) emphasized that the
parameterization methodology on estimating heat fluxes over
TP is not an easy issue, and more field observations, more
accurate radiation transfer models, and more satellites data
have to be used to reduce the uncertainty in the calculation
of heat fluxes over TP. Yang et al. (2009) developed a new
scheme on estimating the heat fluxes over TP based on the
statistical relationships derived from high-resolution experi-
mental data and found it is much better than previous
schemes. Chen et al. (2013) developed a DEM (digital eleva-
tion model)-based radiation model to estimate instantaneous
clear sky solar radiation for obtaining accurate energy
absorbed by the mountain surface. Therefore, the new
schemes and datasets should be used in parameterizing the
heat fluxes over TP in the GCMs to get more realistic simu-
lation on the TP climatic effect studies.
Another challenge in studying TP dynamics is the devel-
opment of the high-resolution global models. The Himalaya is
very steep in the reality and its influence to Asian climate calls
for a finer model with 10–25 km resolution to distinguish the
mountain with the whole TP. Bacmeister et al. (2014)
compared the simulation results between the high-resolution
(0.23° latitude × 0.31° longitude) model, Community
Atmosphere Model versions 5 and 4 (CAM5 and CAM4),
and a typical resolution of 0.9° latitude × 1.25° longitude.
Overall, the simulated climate of the high-resolution experi-
ments is not dramatically better than that of their low-
resolution counterparts, but improvements appear primarily
where topographic effects may be playing important role, such
as the summertime Indian monsoon. Furthermore, to improve
the simulation ability of high-resolution model, the improve-
ments in the model physics and introduction of nonhydrostatic
framework are both necessary (Pope et al. 2007; Satoh 2008).
Additionally, air–sea interaction need to be considered in
the climate simulation of the TP elevated heating impactions.
Many studies (Kitoh 1997; Okajima and Xie 2007; Koseki
et al. 2008) claimed that the role of air–sea interaction is very
important to the orgraphic effects on the monsoons and global
climate change. Kitoh (1997) shows that the global mean sea
surface temperature (SST) dropped 1.4 °C with the mountain
uplift, mainly due to increased lower tropospheric clouds in
the subtropical eastern Pacific. Okajima and Xie (2007)
indicates that the response is opposite between the atmospher-
ic and coupled models during spring and early summer when
the global orography is removed, while the SST cooling is
responsible for all these differences. Therefore, the responses
of SASM and global climate to the elevated heating effect of
TP could be very different when considering the air–sea cou-
pling. Further numerical experiments and analysis are sug-
gested to be carried out to get a more comprehensive under-
standing on the roles of the TP on climate change.
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